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a  b  s  t  r a  c t
Probabilistic  maturation  reaction  norms (PMRNs)  were  used  to investigate  the  maturation  schedules of
cod,  haddock and whiting  in the  Firth of Clyde  to  determine if  typical  lengths  at  maturation  have  changed
significantly  since  1986. Some potential sources  of growth-independent  plasticity  were  accounted  for by
including  sea-surface  temperature  and  abundance variables in the  analysis.  The  PMRNs  of the  Clyde  popu-
lations were  compared  with  those  from the wider west  coast, in conjunction  with  regional  differences  in
the  fishery,  to assess whether  fishing  may  have  been driving  the  observed  trends of decreasing lengths
at  maturation.  The lengths  at  which  haddock, whiting  and female cod  were likely to mature  decreased
significantly  during  1986–2009,  with  rates of change  being  particularly  rapid  in the  Clyde.  It  was not
possible  to  estimate  PMRNs  for  male cod  due to limited  data.  Trends in temperature  and  abundance were
shown to have  only marginal  affects  upon  PMRN  positions,  so temporal trends  in maturation  schedules
appear  to have been  due  to a  combination of plastic responses  to other  environmental  variables and/or
fishing.  Regional  differences  in fishing intensity and  the  size-selectivity  of the  fisheries suggest  that  the
decreases  in lengths  at  maturation  have  been  at  least  partially  due to fishing. The importance  and scale
of the  Clyde Nephrops  fishery  increased as demersal  landings declined,  and the  majority  of  demersal  fish
landings have come  from  Nephrops  bycatch  since about 2005  when the  demersal fishery  ceased.  Since
it appears  as  though  fishing  may  have  caused  increasingly  early  maturation, and  a substantial  Nephrops
fishery  continues  to operate in the  Clyde,  reversal  of these  changes  is  likely to  take a long  time –  partic-
ularly  if  there  is  an  evolutionary  component  to the  trends. If  size-selective  fishing  has contributed  to the
lowered  abundance  of large fish  by  encouraging  maturation  at increasingly  small lengths, then  large  fish
may remain  uncommon  in the  Clyde  until the  observed  trends in maturation  lengths reverse.
© 2015 Elsevier  B.V.  All  rights  reserved.
1. Introduction
The Firth of Clyde is  a  large estuary in the west coast of Scotland
that once supported substantial demersal fisheries for a range of
species such as cod, haddock, saithe, whiting and hake (Ross et al.,
2009). A ban on trawling for vessels over 15 m was repealed in  1962.
Consequently, the landings of demersal fish quickly rose, peaking
in 1973 before falling into decline (Hislop, 1986), reaching near-
zero levels by 2005 when the fleet stopped targeting demersal fish.
Fishing effort shifted away from demersal fish during the 1990s as
more vessels began converting to exploit the abundant Nephrops
stock, and since 2005 the Clyde demersal fish catch has been mostly
bycatch from the Nephrops fishery.
∗ Corresponding author. Tel.: +44 0141 5483804.
E-mail  addresses: aidan.hunter@strath.ac.uk (A. Hunter), d.c.speirs@strath.ac.uk
(D.C. Speirs), m.heath@strath.ac.uk (M.R. Heath).
Although the steep decline in  demersal landings suggests that
there are few fish left in  the Clyde (Thurstan and Roberts, 2010),
an analysis of survey data (Heath and Speirs, 2012) provides a
more comprehensive view. Biomass estimates of the six main
commercial species; cod, hake, haddock, plaice, saithe and whit-
ing indicate that the community biomass in the late 2000s was
approximately double what is  was  pre-1960. This biomass how-
ever, now consists almost entirely of small fish that are less than
40 cm in length, and small species – predominately whiting –
now dominate. Community mean length decreased sharply as fish-
ing pressure was  sustained, and large fish do not  appear to  have
increased in number since the targeted demersal fishery ceased in
2005. In this paper we investigate potential trends in  the age and
length at maturation of cod (Gadus morhua), haddock (Melanogram-
mus aeglefinus) and whiting (Merlangius merlangus) from the
Firth of Clyde. Trends in maturation schedules may  be related
to some of the observed changes in  length structure and species
complement.
http://dx.doi.org/10.1016/j.fishres.2015.05.004
0165-7836/© 2015 Elsevier B.V. All rights reserved.
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Maturation schedules are plastic and may  vary in  response to
environmental conditions. Somatic growth slows when fish mature
(Roff, 1983; Jobling, 1994), so those that mature early may  remain
relatively small for their age. Small individuals are usually more
vulnerable to predation and may  be out-competed for resources
(Mittelbach, 1981), however, small fish are less vulnerable to size-
selective trawling nets. If a population is  heavily exploited then fish
that mature at  older ages  and larger lengths are  more likely to be
caught before maturation, and early maturing fish may  therefore
contribute more to  future recruitment. Thus, fish that mature late
may  benefit from a  larger size and are generally capable of pro-
ducing more viable offspring per season (Trippel, 1998; Berkeley
et al., 2004; but see Marshall et al., 2010), although they are more
likely to die before having the opportunity to reproduce, espe-
cially in heavily fished regions. Since somatic growth slows upon
maturation, it is plausible that a  shift towards early maturation
is partially responsible for the scarcity of large individuals in the
Clyde. The shift in  species complement, towards smaller species,
is an expected consequence of sustained size-selective fishing that
may  also be related to  the adaptive nature of maturation schedules,
since species with greater plasticity in  maturation may  be more
resilient to fishing pressures.
Numerous studies have shown that  the typical age and/or
length at which fish are mature is decreasing in  exploited stocks
(Jorgensen, 1990; Trippel, 1995; Morgan and Colbourne, 1999;
Kuparinen et al., 2009; Sharpe and Hendry, 2009; Audzijonyte et al.,
2013). Fish may  be maturing increasingly early for a  number of
reasons. Maturation is  largely dependent upon a  combination of
age and length, so changes in growth rates directly affect matura-
tion schedules. Long term trends in  environmental variables such as
water temperature or  food availability could cause long term trends
in growth rates (Jorgensen, 1992), which in turn, would influence
the expected age and length at maturation (Heino et al., 2002).
Age and length at maturation may  also exhibit phenotypic plas-
tic  changes in direct response to environmental conditions (Kraak,
2007; Marshall and McAdam, 2007), i.e.  independently of growth.
Fisheries alter the environment and population structure, so may
also induce plastic changes in growth and maturation indirectly.
As fitness-related traits, age and length at maturation have mod-
est heritability (Mousseau and Roff, 1987), so if the size-selective
pressures generated by  fishing are strong then they may  cause mat-
uration schedules to evolve rapidly (Jennings et al., 1998; Law,
2000). Growth rates are also heritable and subject to  selective
pressures (Kinnison et al., 2011), so fishing may  cause evolution
in growth through selection on size and any factors pertaining to
resource acquisition (Enberg et al., 2012), which could also affect
age and length at maturation. A combination of these factors may
apply to fisheries where changes in  maturation schedules have
been observed.
To account for the effect of fluctuating growth and mortality
rates when evaluating trends in maturity schedules, we use prob-
abilistic maturation reaction norms (PMRNs) (Heino et al., 2002).
A PMRN is a function of length and age that estimates the proba-
bility that a fish, which was immature the previous year, will have
matured, conditional upon it having survived. Temporal trends in
maturation schedules are characterised by trends in  the length at
which there is a  50% probability of maturing. This length, Lp50,
is calculated for each age group and used as a maturation index.
The Lp50 indices are calculated from conditional probabilities of
a single event, first maturation given age and length. The poten-
tial for bias caused by variations in  the relative mortality rates of
immature and mature fish is  therefore mostly removed when using
PMRNs. The PMRN description of the maturation process also sepa-
rates variations in growth rate from trends in  maturation schedules,
because different growth trajectories simply intersect the Lp50
curve at different locations in  the length-age plane. Temporal
Fig. 1.  The two areas in the west of Scotland chosen for this analysis.
trends in  maturation schedules are indicated by the gradual move-
ment of Lp50 itself.
Maturation schedules may  respond plastically to variation in
factors such as social structure (Hobbs et al., 2004; Pauli and Heino,
2013)  or temperature (Dhillon and Fox, 2004; Kraak, 2007; Tobin
and Wright, 2011). By modelling estimated Lp50 values against such
factors, it is  possible to  estimate the extent to  which long term
differences in Lp50 are attributable to various phenotypic plastic
responses. Temporal trends in  Lp50 that remain – once potential
influences of environmental variations have been accounted for
– indicate changes to  the maturation schedule itself and may be
suggestive of change in  the genetic composition of the population
(Heino et al., 2002).
To investigate changes to the maturation schedules of Clyde cod,
haddock and whiting, we  have estimated time series of  PMRNs
over the period 1986–2009. Differences in  the maturation timing
of males and females have been examined by comparing PMRNs
that were calculated separately for each sex. For fish that exhib-
ited temporal trends in maturation lengths, Lp50 estimates were
regressed against trends in  abundance and temperature to  deter-
mine the extent of the change in  Lp50 that could be attributed to
phenotypic responses to  these factors. As exploited stocks have typ-
ically experienced declines in  length at maturation, we expect to
find that PMRN midpoints have decreased over time. Since males
tend to  mature earlier than females (Templeman and Bishop, 1979;
Ajiad et al., 1999; Gerritsen et al., 2003), we also expect to find that
Lp50 values are  lower in  male fish.
The Lp50 estimates of fish sampled from the Firth of  Clyde
were compared to those from the adjacent area to the north-west,
referred to here as the western shelf (Fig. 1). Fishing intensity was
greater in  the Clyde than in  the western shelf during the 2000s
(Fig.  2). Unfortunately, effort data from 1985 to 2000 were unavail-
able in  these two  regions, but the total landed biomass per area
(Fig.  2) has been consistently greater in  the Clyde since 1985, sug-
gesting that fishing intensity has also been greater since this time.
Thus, the Clyde populations are likely to  have been subjected to
a  relatively high fishing mortality rate during the time period for
which we estimate PMRNs. The main target species in  the Clyde is
Nephrops, so the majority of the Clyde trawlers use nets with a finer
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Fig. 2. Differences in the  Clyde and western shelf fisheries. Top: annual fishing
intensity of UK bottom trawling vessels over 10 m long from 2001 until 2009. Total
landings were calculated as the sum of the landed biomass of all  species from all
demersal and Nephrops trawls. Middle: total landings divided by  the area of the
region. Bottom: proportion of the total landings caught by Nephrops trawls.
mesh size (between 70 mm and 100 mm)  than vessels that target
demersal fish (≥100 mm).  Nephrops are also targeted in the west-
ern  shelf, but the fishery in this region is more mixed. Fig. 2 shows
the proportion of the landed biomass from trawling vessels in  each
region that was caught using Nephrops gear. Small fish are likely
to be more vulnerable to  the fishing gears in the Clyde than west-
ern shelf due to differences in the size-selectivity of the fisheries in
these regions. If  fishing has induced changes in  maturation sched-
ules  then we would expect the affects to be more severe in regions
of high fishing intensity, and where population length structures
have been most severely truncated. We  therefore expect to  find that
PMRN midpoints have  declined at faster rates in the Clyde popu-
lations, because they are fished with relatively fine nets and have
experienced greater fishing pressure. If rates of change in Lp50 are
indeed greater in the Clyde, and the trends are not explained by
abundance or temperature variations, then it would suggest that
fishing has been a  key factor in  changing maturation schedules.
2. Materials and methods
2.1. Data
In this analysis we used the International Bottom Trawl Sur-
vey data collected in the Scottish west coast (SWC-IBTS). These
data detail the length, age, sex and maturity status of samples of
fish and span the years 1986–2010. The length of each fish has
been measured and rounded down to the nearest cm.  Age has been
Table 1
Mean number of fish sampled for sex and maturity status each year. FC and WS
stand for the Firth of Clyde and western shelf.
Region Sex Haddock Whiting Cod
FC
M 29 42 13
F  27 46 8
WS
M  194 170 32
F  284 189 28
Table 2
The percentage of sampled fish that were mature. These values have been  calculated
from data spanning the years 1986 to 2010.
Region Sex Haddock Whiting Cod
Age  1 Age 2 Age 1 Age 2 Age  1 Age 2 Age 3
FC
M 53.0 98.9 47.2 99.2 0.0 96.6 100
F  3.6 92.7 12.4 98.9 0.0 60.9 97.8
WC
M  35.1 95.6 52.7 98.2 1.7  59.9 99.5
F  2.1 85.2 23.0 96.0 0.0 38.9 86.2
determined by examination of otoliths for annual growth rings;
sex and maturity status was  determined by visual inspection of the
gonads. We  used data from only one quarter to  reduce variability
in length and maturity status at age, and chose the first quarter of
the year because this is  when most of the maturity data were col-
lected – as gonads are  swollen in  preparation for spawning. Since
the data were collected close to  spawning times, when an individ-
ual’s age has been recorded as a years old, that individual was  alive
for approximately 12 × a months. Pre-1990, maturity status was
designated as either immature or mature, then following a five year
gap in  the data, fish sampled from 1995 onwards were designated
as either immature, maturing, spawning or spent. We  consolidated
the maturity groupings of the post-1994 fish such that maturing,
spawning and spent fish were all considered to be mature, thus
bringing the later data in  line with prior samples. Average annual
sample sizes are shown in Table 1.
There were few immature fish aged two  or older present in  the
samples, particularly in the Clyde. As a PMRN specifies the proba-
bility of first maturation at age and length, it is conditional upon the
fish being immature the previous year, and since old and immature
fish were sparse, only age groups one and two could be analysed
using PMRNs. The proportions of mature fish at each age are shown
in  Table 2. For male whiting, and female cod and male haddock in
the Clyde, we were able to  calculate PMRNs for age group one fish
only. The data for some cohorts were grouped where sample sizes
were low. This allowed estimation of PMRNs for groups of cohorts
prior to 1985, although confidence in these estimates was  often
low. Even when grouped into decade long intervals, the data for
male cod was too limited to  estimate PMRNs.
The age–sex–maturity data form a  length-stratified subset of
the larger length data set. Annual abundance indices were derived
from the length data by dividing the number of sampled fish  by  the
total area swept out by the survey gear.
Annual mean summer (June, July and August) sea surface tem-
peratures were calculated using the Keppel pier, Millport, data set
for the Clyde, and the Hadley Centre HadISST1 data set for the west-
ern shelf. Mean summer temperature was calculated as the mean of
mean monthly temperatures based on daily readings. Local temper-
ature data for the years 1988, 1996 and 2003 were missing from the
HadISST1 data set, so the mean summer temperature for these years
was calculated as the average of the mean summer temperature for
the preceding and subsequent years.
Annual stock assessments of ICES area VIa provide fishing mor-
tality rate estimates. However, since ICES area VIa includes both of
the regions considered here, these estimates could not be used to
evaluate regional differences. For this reason, we used fishing effort
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data (Marine Scotland Science, 2014)  and landings data collected in
the finer spatial scale of ICES statistical rectangles to assess regional
differences in fishing intensity and size-selectivity.
2.2. Calculating PMRNs
The probability of an immature fish from cohort c maturing, m(a,
l, c), at a years old and l cm long was estimated with the following
approximation (Barot et al., 2004):
m(a, l, c) =
p(a, l, c) − p(a − 1, l − l,  c)
1 −  p(a − 1, l −  l,  c)
(1)
Annual growth increments, l  =  l(a, c)  − l(a −  1, c), and the prob-
ability of being mature, p(a, l, c), were estimated with linear models
l(a, c) = ˇ0,a +  ˇ1,c (2)
logit(p(a, l, c)) =  ˇ0,c + ˇ1l + ˇ2a + ˇ3al + ˇ4,c l + ˇ5,ca  (3)
where subscripted letters indicate which variables were treated as
factors. Insignificant interaction terms were removed from Eq.  (3)
to reduce standard errors and improve the model fit.
The Lp50 index estimates the length at which an immature fish
has a 50% probability of maturing, marking the midpoints of the
PMRN. Time series of Lp50,c were estimated separately for each age.
logit(m(l, c)) =  ˇ0,c + ˇ1l
Lp50,c =
−ˇ0,c
ˇ1
(4)
By way of illustration, Fig. 3  shows the PMRN calculated for the
1999 cohort (defined as the fish that were spawned in 1999) of
western shelf haddock.
Confidence intervals for Lp50,c were generated by bootstrapping.
The data were resampled 1000 times with replacement, stratifying
by cohort, to generate distributions for Lp50,c. Confidence bounds
were then set at the 95% percentiles of the bootstrapped distribu-
tions.
2.3. Temporal trends and the significance of region and sex
Temporal trends in  PMRN midpoints were assessed with linear
models of Lp50 against cohort
Lp50,c = ˇ0 + ˇ1c (5)
where cohort was treated as a  continuous variable and the model
was weighted by the inverse standard deviations of the boot-
strapped estimates for Lp50.  Significant trends in Lp50 indicate that
the lengths at which first maturation occurs have been changing
over time.
Differences in  Lp50 values between the regions and sexes were
evaluated with two simple linear models, Lp50 = ˇr and Lp50 = ˇs,
where r  and s indicate the factors region and sex. These models –
also weighted by  the inverse standard deviations of bootstrapped
estimates of Lp50 – show whether average Lp50 values differed sig-
nificantly between the regions or  sexes.
2.4. Significance of temperature and abundance
In  the populations that exhibited temporal trends in PMRN mid-
points, we estimated the change in Lp50 that was attributable to
temporal trends in the temperature, T, and the surrounding pop-
ulation abundance, N, endured by newly recruited age-group zero
fish with another weighted regression.
Lp50 = ˇ0 + ˇ1c  + ˇ2log(N) +  ˇ3T (6)
To eliminate potential collinearity between temperature, abun-
dance and cohort, Eq. (6) was performed as a principal component
regression. Since we were aiming to explain long term trends in Lp50
we only considered the effects of abundance or temperature if these
variables also showed long term trends, as determined from linear
models against cohort (see Fig. 4). The magnitude of the difference
in  Lp50 that  was attributable to either abundance or temperature
was calculated as the product of the linear rate of change in log
abundance or temperature, the number of years in  the time interval,
and ˇ2 or ˇ3 from Eq. (6).
3.  Results
3.1. PMRN positions
The positioning of the PMRN curves were quite similar among
most species-sex groups. In every instance in which Lp50 could be
estimated for both one and two year old fish,  the PMRN sloped
downwards so that, irrespective of length, maturation probabil-
ity always increased with age. The PMRNs depicted in Fig. 3 were
fairly typical of the estimates for haddock. Age–length ranges cor-
responding to maturation probabilities between 5% and 95% tended
to  include most one year old males and the smallest of those two
years old, and for females approximately the larger half of the one
year old fish and the smaller half of those that were two years old.
This corresponds well with Table 2, which shows that nearly all
of the haddock were mature at two  years old, but maturation at
age one occurred predominately in  males. In general, the whiting
PMRNs showed the same pattern as those of haddock; Lp50 inter-
sected one year old males and fell below the lengths of two  year
old males. The Lp50 estimates for female whiting tended to coin-
cide with the larger one year old fish  and the smallest two year old
fish. Almost all of the two  year old whiting were mature, as were
about half of the one year old males and a significant number of
females (Table 2). The  positioning of the PMRNs were slightly dif-
ferent for female cod; the negative slopes were steeper, Lp50 was
greater than the lengths of one year old fish – which were imma-
ture – and tended to  intersect the smaller two  year old fish. This was
caused by cod being immature at age one, and mostly maturing at
two years old.
3.2. Comparisons of Lp50 between sex and region
The average Lp50 values of one year old haddock and whiting
of both sexes, and one year old female cod from the Clyde, were
significantly smaller than those of the western shelf (Table 3).
Regional differences in  the magnitude of Lp50 for age group two
were insignificant in female haddock and whiting, and could not
be  evaluated for the other groups.
In each instance where it was  possible to  draw a  comparison
between males and females, average Lp50 values were significantly
lower in  the males. There were also differences in  the rate of change
of Lp50 between the sexes. The Lp50 values of one year old female
haddock and whiting from the Clyde have decreased more rapidly
than in the equivalent male fish. In one year old western shelf had-
dock, Lp50 only decreased in  the males, while for age group two  the
decrease was  more rapid in  the females.
3.3. Temporal trends in Lp50
Temporal trends in  Lp50 were assessed using Eq. (5) and are
shown in  Fig. 5. We  expected any declines in  Lp50 to vary in
accordance with regional differences in fishing intensity and size-
selectivity such that the most rapid declines would be seen in the
Clyde populations.
Table 3 shows that there were significant decreases in  Lp50 over
time in all of the one year old haddock except western shelf females.
For one year old  Clyde males Lp50 decreased by 6.0  cm (27%) from
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Table 3
Results obtained from Section 2.3. The top section shows the linear rates of change in Lp50 over time (cm y
−1) with the standard errors in parenthesis, significant trends are
shown  in bold. The bottom two sections indicate significant differences in PMRN midpoints between regions and the sexes (e.g. FC < WS  means that Lp50 is  lower in Clyde
fish  than in western shelf fish). ND =  not  done, these entries show where too few  immature fish were present to calculate PMRNs. NS = not significant.
Region Sex Haddock Whiting Cod
Age 1 Age  2 Age 1 Age 2 Age 1  Age 2
FC
M −0.26 (0.064) ND  −0.22 (0.039) ND ND ND
F  −0.50 (0.079) −0.52 (0.067) −0.32 (0.097) −0.28 (0.073) −0.68 (0.259) ND
WS
M  −0.14 (0.041) −0.11 (0.204) −0.10 (0.025) ND ND ND
F  0.07 (0.051) −0.27 (0.085) −0.10 (0.043) −0.14 (0.060) −0.74 (0.095) −0.72 (0.091)
M  FC < WS  ND  FC < WS  ND ND ND
F  FC < WS  NS  FC < WS  NS FC <  WS ND
FC  M <  F  ND  M < F ND ND ND
WS  M <  F  M <  F  M < F M < F ND ND
1986 to 2009, it decreased by 11.3 cm (35%) in the females. In the
western shelf, Lp50 decreased by  3.9 cm (17%) in one year old  males.
The Lp50 values of two year old female haddock decreased by
11.7 cm (38%) and 7.3 cm (28%) in the Clyde and western shelf
respectively from 1986 to 2009. Since so few two year old Clyde
fish were immature, Lp50 time series could not be calculated for
two year old males, and the decline was  not significant in  two year
old males from the western shelf.
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There were declines in Lp50 for all  of the one year old whiting.
In the Clyde, Lp50 decreased by 5.4 cm (27%) in males and by 8.2  cm
(32%) in females from 1986 to  2009. The Lp50 values of one year old
western shelf whiting decreased by  2.8 cm (13%) in  both males and
females over the same time period.
The declines in Lp50 for two year old female whiting were 7.1 cm
(38%) and 3.9 cm (24%) in  the Clyde and western shelf respectively.
Time series of L p50 could not be calculated for two year old male
whiting as so few of these fish were immature.
In the Clyde, the Lp50 values of one year old female cod decreased
by 15.6 cm (32%) from 1985 to 2008. Western shelf female cod had
declining Lp50 values from 1981 to 2008, with decreases of 19.6 cm
(29%) and 19.1 cm (32%) for age groups one and two  respectively.
The maturity data for male cod was too sparse to estimate PMRNs,
even when large numbers of cohorts were grouped together.
As expected, the declines in  Lp50 tended to be most rapid in  the
more heavily exploited Clyde populations (Table 3). The only excep-
tion to this being one year old female cod, for which the regional
difference in rate is  slight.
3.4. Temperature and abundance effects
The degree to which temporal trends in  the PMRN midpoints
were explainable by trends in  temperature or  abundance was
examined using Eq. (6).  We  did not  include the abundance vari-
ables for western shelf haddock or whiting because they did not
have a significant linear trend (Fig.  4).
Table 4 shows that trends in Lp50 were not  significantly related
to abundance or temperature. For some groups, however, the inclu-
sion of these variables explained enough of the variation in  Lp50 to
make the cohort effect insignificant. This occurred in two  year old
female whiting from the western shelf, where the rising tempera-
ture accounted for 11%  of the decrease in Lp50,  and also in female
Clyde whiting, where increasing abundance accounted for 29% of
the decrease in Lp50.  In each of these cases the cohort variable still
explained most of the difference in  Lp50.
4. Discussion
4.1. Early maturation in west of Scotland fish
Haddock will typically mature when they reach ages of three
years or older (Taylor and Stefansson, 1999; Neuheimer and
Taggart, 2010), at lengths ranging from about 30 cm to 60 cm in
males and 40 cm to 70 cm in  females (Devine and Heino, 2011).
Whiting in the Irish Sea tend to  reach maturity when they are
two years old, but one year old mature males are not uncommon
(Gerritsen et al., 2003); the length of whiting at maturity is  usually
about 18–24 cm in  males and 22–25 cm in females (Gerritsen et al.,
2003; Vallisneri et al., 2006).  Age and length at maturation in cod
populations tends to  be in  the range of three to five years old and
30–70 cm long (Olsen et al., 2005; Pardoe et al., 2009; Swain, 2010;
Perez-Rodriguez et al., 2013). The results presented here show that
west coast haddock and cod have been maturing at unusually young
ages and small lengths, and compare well with other studies of cod
in the west coast of Scotland (Yoneda and Wright, 2004) and Irish
Sea (Armstrong et al., 2004). The results for whiting are quite sim-
ilar to those of the Irish Sea,  although greater proportions of west
coast whiting were mature at age one, and typical lengths at mat-
uration became lower in the Clyde. The west of Scotland gadoid
community appears to be dominated by fish that mature at very
small lengths and young ages – with large numbers of whiting and
haddock maturing at just one year old – and is a  rather extreme
example of plasticity in  maturation.
4.2. Differences in maturation lengths between the sexes
In both regions, male haddock and whiting had a significantly
greater probability of maturing than females of equivalent length
and age. This is what was  expected based on previous studies
where females were shown to mature at older ages (Templeman
and Bishop, 1979; Gerritsen et al., 2003). Females may  take longer
to mature because they need to  divert more energy from somatic
growth into reproduction and so require a  longer juvenile period in
which to  grow larger before maturing (Miller and Kendall, 2009).
Although maturation lengths were lower in males, rates of change
in Lp50 in the Clyde have been more rapid in female fish. In the west-
ern shelf, Lp50 declined at equal rates in male and female whiting,
while for haddock the rate of decline in Lp50 was greatest in  one
year old males and two year old females. The reasons for these
differences in  rate is  unknown.
4.3. Distinctness of the Clyde populations
We  see that average Lp50 values tended to be lower in the Clyde
populations (Table 3). Young Clyde fish have therefore been more
likely to mature at small lengths than fish from elsewhere in the
Scottish west coast.
There is  evidence suggesting that the Clyde populations are
fairly self-contained, and that the commercially important species
spawn within or close to  the Clyde (Hislop, 1986). In particular,
tag-recapture studies have indicated that Clyde cod are  a resident
population (Wright et al., 2006)  subject to very low immigration
(Brander, 1975; Connolly and Officer, 2001). Although whiting eggs
and juveniles from the Scottish west coast mix into the North
Sea,  the exchange of adults is  limited (Tobin et al., 2010), so west
of Scotland whiting should be treated as a  distinct population
within which the Clyde estuary contains the greatest density of
new recruits (de Castro et al., 2013). Differences in  length-based
indices also suggest that the Clyde demersal community is  suffi-
ciently isolated from neighbouring regions to  display independent
local responses to exploitation and, potentially, also to  environ-
mental fluctuations (Heath and Speirs, 2012). Differences between
the maturation schedules of Clyde and western shelf fish may  there-
fore be explained by regional differences in  the environment and
fishery.
4.4. Declines in lengths at  maturation
Significant declines in  PMRN midpoints were observed in  every
group except for one year old female, and two year old male had-
dock from the western shelf. Temporal trends in Lp50 are not unique
to  cod, haddock and whiting in  the Scottish west coast, but have also
been observed in  the North Sea (Wright et al., 2011; Marty et al.,
2014), as well as in  other species from several different regions
(Grift et al., 2007; Jorgensen et al., 2007; Kuparinen and Merila,
2007; Mollet et al., 2007; Hutchings and Fraser, 2008; Sharpe and
Hendry, 2009). We expected regional differences in  the rate of
change of Lp50 to correspond with the regional difference in  the
fisheries such that fish in the Clyde would experience more rapid
declines in  Lp50.
The rate of decline in  Lp50 for one year old male whiting was
approximately twice as rapid in  the Clyde than in the western shelf,
and about three times greater in  the Clyde females. The rate of
change in  Lp50 for one year old male haddock was about twice as
great in the Clyde than in the western shelf, and decreases in the
Lp50 values of the one year old females were only observed in the
Clyde. The regional difference in the rate of change of Lp50 for one
year old female cod was  relatively small, and contrary to the overall
pattern the decline was  more rapid in  the western shelf. We  can-
not  compare regional differences in  the rate of change of Lp50 for
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Table 4
Results of the principal component regression Eq. (6). The estimated rates of change of Lp50 in response to  changes in log abundance (cm 10
−3 km2) and temperature (cm ◦C−1)
are  shown, with associated standard errors, for the groups of fish that experience long term trends in these variables. The residual temporal rate of change in Lp50 (cm y
−1)  is
indicated by the cohort effect. The change in Lp50 , Lp50 (cm), that is attributable to  each variable is  also shown. Significant variables are shown in bold. FC and WS  stand for
the  Firth of Clyde and western shelf.
Group Effect Coefficient (SE) p-value Lp50
FC male haddock
(age 1)
Cohort −0.28 (0.083) 0.0062 −6.4
Abundance 0.08 (0.587) 0.9379 0.2
Temperature 0.33 (0.642) 0.6131 0.2
FC  female haddock
(age 1)
Cohort −0.54 (0.103) 0.0008 −12.2
Abundance 0.41 (0.630) 0.5335 2.0
Temperature −1.05 (0.909) 0.2822 −0.6
FC  female haddock
(age 2)
Cohort −0.51 (0.102) 0.0010 −11.6
Abundance 0.06 (0.655) 0.9332 0.3
Temperature −0.92 (0.842) 0.3085 −0.5
FC  male whiting
(age 1)
Cohort −0.20 (0.041) 0.0004 −4.8
Abundance −0.56 (0.417) 0.2004 −0.7
Temperature 0.11 (0.382) 0.7727 0.1
FC  female whiting
(age 1)
Cohort −0.19 (0.122) 0.1439 −4.9
Abundance −1.31 (1.131) 0.2746 −2.3
Temperature −0.58 (1.143) 0.6235 −0.8
FC female whiting
(age 2)
Cohort −0.17 0.103 0.2220 −4.3
Abundance −1.24 (1.092) 0.2723 −2.1
Temperature −0.55 (0.908) 0.5557 −0.7
FC  female cod (age
1)
Cohort −0.82 (0.326) 0.0534 −18.9
Abundance −3.0 (5.243) 0.5926 1.8
Temperature 2.33 (4.082) 0.5922 2.3
WS  male haddock
(age 1)
Cohort −0.12 (0.046) 0.0152 −3.4
Temperature −0.21 (0.639) 0.7450 −0.2
WS  female
haddock (age 2)
Cohort −0.21 (0.095) 0.0455 −5.7
Temperature −0.86 (1.218) 0.4933 −0.6
WS  male whiting
(age 1)
Cohort −0.09 (0.027) 0.0049 −2.4
Temperature −0.21 (0.357) 0.5558 −0.1
WS female
whiting (age 1)
Cohort −0.10 (0.047) 0.0418 −2.8
Temperature −0.01 (0.649) 0.9929 0.0
WS  female
whiting (age 2)
Cohort −0.12 (0.067) 0.1046 −3.2
Temperature −0.60 (0.895) 0.5111 −0.4
WS  female cod
(age 1)
Cohort −0.93 (0.105) 0.0001 −24.6
Abundance −1.67 (1.490) 0.3065 2.4
Temperature 4.36 (2.401) 0.1193 2.0
WS  female cod
(age 2)
Cohort −0.94 (0.102) < 0.0001 −24.8
Abundance −1.90 (1.478) 0.2454 2.7
Temperature 4.48 (2.336) 0.1035 2.1
two year old males since so few of them were juveniles, but we  can
compare the females. Declines in  Lp50 were approximately twice as
rapid in two year old female haddock and whiting from the Clyde
than those from the western shelf. Thus, the rates of decline in Lp50
have indeed been greater in  the more heavily fished Clyde than
elsewhere in the west coast of Scotland.
4.5. Potential drivers of changing maturation lengths
Temporal trends in  PMRN midpoints may  be explained by var-
ious sources of growth-independent plasticity or by  evolutionary
changes in maturation (Dieckmann and Heino, 2007; Kraak, 2007;
Marshall and McAdam, 2007; Heino and Dieckmann, 2008).  Plastic
changes to maturation schedules can be induced by  rising tem-
peratures (Dhillon and Fox, 2004; Tobin and Wright, 2011), or
trends in abundance which may  alter social structures (Hobbs
et al., 2004; Pauli and Heino, 2013) and food availability (Reznick,
1993). Long-term trends in abundance and temperature have not
explained the trends in  PMRM midpoints and do not appear to
have been driving the changes in  maturation. The rise in tem-
perature and increase in Clyde whiting abundance accounted for
small decreases in Lp50 for female Clyde whiting and two  year
old female western shelf whiting that were sufficient to reduce
the  significance of the cohort effect above the p = 0.05 thresh-
old, but the changes in  Lp50 were still predominately due to
a cohort effect. The remaining significant declines in Lp50 were
all associated with a cohort effect. This suggests that lengths at
maturation have declined in response to  either one,  or  a  combi-
nation of temporal trends in some other environmental conditions
and fishing.
Regional differences in the rates of decline in  Lp50 are consistent
with the hypothesis that fishing has been influencing maturation.
PMRN midpoints declined most rapidly in the Clyde, where fish-
ing intensity has been greatest. The Clyde fleet comprises mostly
of Nephrops trawlers which use relatively fine nets, these nets are
less selective and may  exacerbate trends in maturation lengths
through increased removal of immature fish. The discarding rates
of fish  from Clyde Nephrops vessels are high – particularly for whit-
ing as it is  very abundant – averaging 62% between 1982 and
1998 (Stratoudakis et al., 2001). The range of lengths discarded
were 9–32 cm,  7–31 cm and 8–34 cm for haddock, whiting and cod
respectively, with mean discarded lengths of 18.1 cm,  19.1 cm and
22.4 cm (Stratoudakis et al., 2001), so many immature fish must
therefore have been caught and discarded. According to  fisheries
induced evolution theory, this will have generated a  selective pres-
sure to  favour early maturation at small sizes. Although we cannot
assert a causal link on the basis of these observations, it does appear
likely that  fishing is at least partially responsible for the reduc-
tions in  lengths at maturation. This may  have occurred directly
through fisheries-induced evolution due to  selection for small sizes,
or indirectly through other potential consequences of fishing, e.g.
relaxed social pressures due to disproportionate removal of large
and mature fish. Further work is still required to determine the
mechanisms driving the declines in  Lp50.
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4.6. Limitations and assumptions
The annual data samples for cod  were small in  comparison to
those collected for haddock and whiting, so the size of the cohort
groups had to be larger in cod. Even when the data was  split into
a few large groups of cohorts it was still not possible to calculate
PMRNs for male cod.
There were few immature fish  aged two or older present in
the data –  particularly in the Clyde. It was therefore not  possible
to generate Lp50 time series for two year old male whiting, male
Clyde haddock or female Clyde cod. However, if the sample sizes
were large enough to capture more of these two year old fish in
an immature state then it may  have been possible to calculate Lp50
values.
Estimating PMRNs using Eq. (1) assumes that, for each age class,
growth rate and mortality are not affected by maturity status (Barot
et al., 2004). As growth slows upon maturation, maturity status cer-
tainly will affect growth, but differences are  likely to be small within
age classes. Differences in mortality between immature and mature
fish within an age class may  arise from differences in  behaviour; for
example, fishing populations that segregate according to maturity
status may  result in higher mortalities for the mature fish of an
age class. However, the method has been shown to be robust to
violations of the above assumptions (Barot et al., 2004).
4.7. Future work
In this study we have demonstrated that expected lengths at
maturation have been declining in  Scottish west coast cod, haddock
and whiting, but we have not  conclusively shown the mechanisms
driving these changes. In order to determine why PMRN positions
change over time it is necessary to  account for the influence of
variables known to influence maturation schedules. We considered
trends in two environmental variables, abundance – perhaps influ-
encing social structure and food availability – and temperature,
and found that significant temporal trends in  the PMRNs remained
unexplained. However, as there are other potentially important
factors that were neglected, this analysis could be expanded by
the inclusion of more explanatory variables in  Eq. (6). Some pos-
sibilities are body condition and growth histories, either of which
may  influence maturation (Marteinsdottir and Begg, 2002; Morgan,
2004; Baulier et al., 2006; Morita and Fukuwaka, 2006), and time
series of food availability. Trends in these variables may  help to
explain the increased likelihood of maturation at small lengths, but
could not be considered in this study as the relevant data were not
available.
In light of the apparent correlation between regional differences
in the fisheries and the rate of change in Lp50,  we suggest further
investigation into the role of fishing. Time series of fishing mortality
rates could be included in  Eq. (6), as well as interactions between
fishing and the other environmental variables. If fishing mortality
rates and a greater number of environmental or  physiological vari-
ables were included in  Eq. (6) then it may  be possible to  confirm if
fishing explains some of the trends in Lp50,  either directly or through
interactions. The potential role of fisheries-induced evolution could
also be assessed by  calculating time series of selection differentials
due to fishing (Law, 2000). Estimates of fishing gear selectivity and
time series of fishing mortality rates in the Clyde will be  needed to
investigate how fishing may  have  been influencing maturation, so
conducting stock assessments to derive these estimates will be a
necessary first step.
Time series of PMRNs describe temporal changes to  matura-
tion propensity independently from potential changes in  growth,
so temporal trends in growth were not considered in  this paper.
Growth rates can vary in  response to the same conditions as mat-
uration schedules (Law, 2000) – environmental, physiological and
selective conditions – and a  similar investigation into the growth
of fish from the Clyde and wider west coast of Scotland will com-
plement this study.
4.8. Concluding remarks
Haddock, whiting and female cod in  the Scottish west coast have
been maturing at progressively smaller lengths and younger ages
since 1986, and this has occurred most rapidly in the Clyde popula-
tions of haddock and whiting. As decreases in  lengths at maturation
can reduce lengths-at-age and maximum lengths by prematurely
slowing growth rates, the steep decline in the abundance of large
fish in  the Clyde (Heath and Speirs, 2012)  may  be partially explained
by these trends in  maturation. Declines in  Clyde landings coin-
cided with decreases in large fish abundance, and typical catches
increasingly consisted of small unmarketable individuals. Trawl
fishing always truncates length structures, lowering the abundance
of large fish, but if it has also been causing increasingly early matu-
ration then the fishing process has induced a  response which may
have further reduced the probability of individuals growing to  a
large size. A reversal of these trends in maturation may  promote
increases in  the abundance of large fish, which is  needed if the
Clyde demersal fishery is  to be restored.
If fishing has caused the observed declines in  Lp50 then the
amount of time since Clyde vessels stopped targeting demersal fish
– from 2005 – has been insufficient for a  recovery. This may  be  due
to  Nephrops vessels continuing to catch large quantities of fish. If
discarding levels of the Nephrops fleet have not reduced since the
1980s and 1990s then current fishing activity may  be preventing
lengths at maturation from increasing, this may also explain why
the community length structure has not shown signs of improve-
ment. Furthermore, if the changes in maturation schedules have
been partially caused by evolutionary responses to size-selective
fishing, then this process may  be ongoing through the Nephrops
fishery, and may  even have been accelerated by the increased use
of nets with smaller mesh sizes. If there is  an evolutionary compo-
nent to  the declines in maturation lengths then increases in Lp50
will be gradual and likely to require periods of time similar to the
initial decreases (Law, 2000). Further work is still needed to deter-
mine why Clyde demersal fish have  shown such rapid declines in
length at maturation, and to assess means of reversing these trends.
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